APPLICATION 



of 

AHMED MOHAMED ABDELATTY ALI 
for 

UNITED STATES LETTERS PATENT 
on 

ANALOG-TO-DIGITAL CONVERTER METHODS AND STRUCTURES 
FOR INTERLEAVABLY PROCESSING DATA SIGNALS AND 
CALIBRATION SIGNALS 

DOCKET NO A5GN2442US 

ASSIGNED TO 

ANALOG DEVICES, INC. 



- 1 - 



ANALOG-TO-DIGITAL CONVERTER METHODS AND 
STRUCTURES FOR INTERLEAVABLY PROCESSING DATA 
1 0 SIGNALS AND CALIBRATION SIGNALS 



BACKGROUND OF THE INVENTION 

Field of the invention 

15 The present invention relates generally to pipelined 

analog-to-digital converters. 
Description of the Related Art 

A variety of modern electronic systems (e.g., scanners, 
camcorders, communication modems, medical image processors and 

20 high-definition television) require high-speed signal conditioning 
which has been effectively provided, with pipelined analog-to-digital 
converters whose multiple converter stages provide conversion speeds 
that typically exceed those of other . converter structures , 

An important class of pipelined analog-to-digital converters is 

25 realized with converter stages that each use a switched-capacitor 
structure to process a respective input data signal and generate a 
succeeding input data signal for a succeeding converter stage. It has 
been found that gain and offset errors in these switched-capacitor 
structures introduce nonlinearities into the pipelined converter's 

30 transfer function. 

These errors have generally been addressed with calibration 
techniques that typically require interruption of the data signal 
processing and/or require the addition of specific calibration structures 
(e.g., an additional converter stage) with consequent degradation of 

35 converter parameters (e.g., size, power consumption and cost). 
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BRIEF SUMMARY OF THE INVENTION 

The present invention is directed to methods and structures for 
interleavably processing data signals and calibration signals in 
5 pipelined analog-to-digital converter stages: With no disruption of 
signal processing and with minimal increase in power consumption 
and circuit space, these interleaved methods and structures correct for 
multiplying digital-to-analog converter errors in the converter stages. 
The novel features of the invention are set forth with particularity in 
10 the appended claims. The invention will be best understood from the 
following description when read in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 

FIG. 1 is a block diagram of a pipelined ADC system of the 
present invention; 

FIG. 2 is a schematic diagram that illustrates interleaved 
processes in the system of FIG. 1; 
20 FIG. 3 is a block diagram of successive converter stages and 

operational phases in the system of FIG. 1; 

FIG. 4 is a diagram of the transfer function of the present 
converter stage in FIG. 3 wherein the diagram illustrates various 
calibration methods of the invention; 
25 FIG. Sis a schematic of an exemplary converter stage for use in 

the system of FIG. 1; and 

FIG. 6 is a timing diagram that illustrates clock signals for use 
with the converter stage of FIG. 5. 

30 DETAILED DESCRIPTION OF THE INVENTION 

FIG. 1 illustrates a pipelined ADC system 20 of the present 
invention which includes converter structures that provide for the 
interleaved calibration and subsequent correction of converter stages. 
35 Each converter stage (except generally the Nth stage) includes a 
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multiplying digital-to-analog converter (MDAC) and the interleaved 
calibration corrects for MDAC errors which generally include 
digital-to-analog converter (DAC) errors and gain errors (due, for 
example, to capacitor mismatch, finite amplifier gain, element aging, 
5 temperature changes and ringing on circuit lines). The interleaved 
calibration can be run continuously or at selected times without 
disturbing the ongoing processing of input data signals. 

In particular, the system 20 includes a sampler 22 and 
N converter stages 24 coupled in a successive pipelined arrangement. 

1 0 The sampler provides samples of an input data signal S{ n at an input 
port 25 and each converter stage converts a respective input data signal 
to a corresponding data digital code D]sj. Each converter stage also 
generates a succeeding input data signal which it provides to a 
succeeding converter stage. The succeeding input data signal is 

15 sometimes referred to as a residue signal because it is the residue of 
the input data signal Sj n that has not yet been converted to a 
corresponding data digital code. 

All converter stages, therefore, simultaneously convert respective 
input data signals to corresponding data digital codes but at any given 

20 moment, each converter stage is processing the residue of a different 
one of the input data signals Si n that entered the system input port 25. 
That is, successive portions of each input data signal S[ n are 
successively converted in the system's converter stages. The 
corresponding data digital codes from the stages are received and 

25 aligned in a controller/corrector 26 which assembles them and 
provides a final data digital code C^gtl at an output port 27 that 
corresponds to the original input data signal S{ n . 

An exemplary converter stage is expanded by expansion lines 28 
to show that it includes an m-bit ADC 29, an m-bit DAC 30, a summer 

30 31 and an amplifier 32. The ADC 29 converts this stage's input data 
signal into a corresponding data digital code D and the DAC 30 
converts this digital code to a corresponding analog signal which is 
provided to the summer 31 where it is subtracted from this stage's 
input data signal to provide a residue signal R. The residue signal is 

35 gained up in the amplifier 32 to provide the successive input data 
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signal for the successive converter stage. 

The invention realizes the structure within the broken lines 34 as 
a multiplying digital-to-analog converter (MDAC) 34 which is indicated 
by the indication line 35. Although the MDAC structures of the 
5 invention are directed to any number of bits in, the MDAC 34 is shown, 
for simplicity, in a version suitable for providing 1.5 bits of data digital 
code per converter stage. The MDAC 34 includes first and second 
switched capacitors C\ and C2 and a differential amplifier 36 wherein 
the first and second capacitors C\ and C2 are preferably matched, i.e., 

1 0 their capacitances are equal. 

In a first operational phase shown as 34A, both capacitors are 
switched to thereby receive an electrical charge from their converter 
stage's input data signal. In a second operational phase shown as 34A, 
they are switched to place the second capacitor C2 about the amplifier 

15 36 to receive at least part of the electrical charge of the first capacitor 
Ci. 

The DAC 30 responds to decisions of the ADC 29 (for simplicity of 
illustration, the DAC 30 is not shown in the first and second 
operational phases 34 A and B) and provides a data decision signal 
20 Ddata^ref (wherein V re f represents plus and minus lirnits of the 
input data signal) to one end of the first capacitor C\. This causes the 
first capacitor Cj to transfer electrical charge 37 to the second 
capacitor C2 (because of the gain of the amplifier 36, the other end of 
the first capacitor Ci is substantially at ground) and thereby generate 
25 the successive input data signal for the successive converter stage. The 
MDAC 34 thus capacitively multiplies the input data signal to generate 
the successive input data signal. 

The transfer function of the MDAC 34 is 

GKinput data signal - Dd a t a V re f/ 2) (1) 
30 in which G = G c /(1 + G c / A) and wherein G c = (Ci + C 2 ) / C 2 • If the 
capacitors are matched and the gain of the amplifier 36 is infinite, the 
successive input data signal provided to a successive converter stage is 
2(input data signal) - D^ata^ref • ^ 
However, gain errors in the MDAC 34 will produce a different transfer 
35 function and these errors will be passed along in the successive input 
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data signal. In addition, errors in the DAC 30 will disturb the transfer 
function (e.g., introduce offsets). 

In accordance with the present invention, interleave methods and 
structures are provided which enable the controller/corrector 26 to not 
5 only correct for decision errors in the stage's ADC 29, but to also 
calibrate out MDAC errors that result from gain errors and DAC 
errors. 

These methods are introduced in the diagram 38 of FIG. 2 which 
schematically illustrates the converter stages of FIG. 1. As indicated by 

10 - 1 - and - 2 - designations vertically spaced from a horizontal broken 
line, each stage temporally operates in first and second successive 
operational phases. In addition, the first and second operational 
phases of each converter stage temporally coincide with the second and 
first operational phases of its preceding converter stage and its 

15 succeeding converter stage. . 

As indicated by solid-line arrows, each converter stage employs a 
first set of switched capacitors to initially receive a data signal in its 
first operational phase and provide a corresponding data digital code. 
In its succeeding second operational phase, each converter stage then 

20 provides a data signal to its succeeding converter stage. Thus, each 
converter stage generates data digital code which can then be aligned 
and corrected to provide the digital code 27 of FIG. 1. 

As shown by a broken-line arrow in a selected converter stage, an 
initial calibration signal is generated with a second set of switched 

25 capacitors. This generation is interleaved with the processing of data 
signals. 

With second sets of switched capacitors in downstream converter 
stages that are downstream from the selected converter stage and in 
response to the initial calibration signal, downstream calibration 
30 signals are interleavably processed with the data signals to provide 
corresponding calibration digital codes (abbreviated as c'brtn digital 
code in FIG. 2). This interleaved processing of calibration signals is 
indicated with broken-line arrows. 

Each of the downstream converter stages thus receives a 
35 calibration signal in its second operational phase and provides a 
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corresponding calibration digital code which essentially digitizes a 
portion of the initial calibration signal of the selected converter stage. 
In its succeeding second operational phase, each converter stage then 
provides a calibration signal to its succeeding converter stage. 
5 The controller/corrector 26 of FIG. 1 can then compare the 

calibration digital codes to expected digital codes to thereby generate 
calibration coefficients for the selected converter stage that correspond 
to its second set of switched capacitors. Subsequently, the first and 
second sets of switched capacitors can be exchanged in the selected 
10 converter stage so that MDAC errors of this stage are corrected with 
the calibration coefficients which are preferably stored in the 
controller/corrector 26. The processes schematically illustrated in 
FIG. 2 can then be applied to converter stages that precede the selected 
converter stage. 

15 The interleave structures of the invention are illustrated with 

greater detail in FIG. 3 which shows a set 40 of three converter stages 
that comprise a preceding converter stage 42, a present converter stage 
44 and a succeeding converter stage 46. These three stages represent 
any three successive converter stages of the ADC system 20 of FIG. 1. 

20 In its first operational phase, the present converter stage 44 of 

FIG. 3 converts an input data signal 47 (from the preceding converter 
stage) to a corresponding data digital code with this stage's ADC 48. As 
shown, the present converter stage has a first set 50 of first and second 
switched capacitors C^ and C2 that are arranged in this stage's first 

25 operational phase to receive the input data signal 47 and are arranged 
in this stage's succeeding second operational phase to provide (with a 
stage amplifier 52) a succeeding input data signal 53 for the succeeding 
converter stage 46. 

In particular, the capacitors C^ and C2 are arranged in the first 

30 operational phase to both receive a charge from the input data signal 
that is provided by the preceding converter stage 42. The capacitors C\ 
and C2 are then arranged in the second operational phase to have at 
least a portion of the charge in capacitor C\ transferred to the capacitor 
C2 which is coupled about the amplifier 52, The amount of charge 

35 transferred depends upon a decision signal D^ata^ref ^at is supplied 
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by this stage's DAC 56 which responds to the decisions of the ADC 48 
concerning the input data signal (the response is indicated by a broken- 
line arrow through the DAC 56). In one embodiment, the DAC 56 may 
comprise switches which respond to the ADC 48 by selectively coupling 
5 -V re f, ground or +V re f to the first capacitor Cj. 

The processes described above with respect to the present 
converter stage 44 are also performed by all other converter stages of 
FIG. 1 and, in particular, by the preceding converter stage 42 and the 
succeeding converter stage 44 of FIG. 3. Because the preceding 

1 0 converter stage 42 provides an input data signal 47 to the present 
converter stage 44, its first operational phase coincides in time with the 
second operational phase of the present converter stage and, similarly, 
its second operational phase coincides with the first operational phase 
of the present converter stage. 

15 In like manner, the succeeding converter stage 46 receives the 

input data signal 53 from the preceding converter stage and , provides 
an input data signal 57 so that its first and second operational phases 
also respectively coincide with the second and first operational phases 
of the present converter stage. In general, therefore, the first and 

20 second operational phases of any of the converter stages (e.g., the stage 
44) are respectively coincident with the second and first operational 
phases of preceding and succeeding stages (e.g., the stages 42 and 46) 
as shown in FIG. 3. 

The operations described above digitize the input data signals into 

25 corresponding data digital codes. Because the preceding and 
succeeding converter stages operate similarly to the preceding 
converter stage, their elements (ADC 48, amplifier 50, first and second 
sets 50 and 60 of capacitors and DAC 56) carry the same reference 
numbers in FIG. 3. 

30 In accordance with a feature of the present invention, any 

selected converter stage; such as the preceding converter stage 1 44 of 
FIG. 3, also arranges a second set 60 of third and fourth switched 
capacitors C3 and C4 to receive an input calibration signal 67 in this 
stage's second operational phase. In the succeeding first operational 

35 phase, the second set 60 is arranged to have the charge in the third 
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capacitor C3 transferred to the fourth capacitor C4 and thereby provide 
a succeeding input calibration signal 73 for the succeeding converter 
stage 46. The amount of charge transferred depends upon a decision 
signal Sdec that is applied to the third capacitor C3. The receipt of an 
5 input calibration signal 67 and generation of a succeeding input 
calibration signal 73 is thus interleaved with receipt of an input data 
signal 47 and generation of a succeeding input data signal 53. 

Attention is now directed to downstream converter stages 77 that 
are downstream from the selected converter stage 44. Each of these 

1 0 converter stages also includes a second set 60 of switched capacitors C3 
and C4. Operations of the first downstream stage, i.e., the succeeding 
converter stage 46, are exemplary of the operations of all downstream 
stages. Accordingly, the following description is directed to the 
succeeding converter stage 46 but applies to all downstream converter 

15 stages. 

In accordance with another feature of the invention, the 
succeeding converter stage 46 converts its input calibration signal 73 to 
a corresponding calibration digital code with its ADC 48. This 
conversion is realized in this stage's second operational phase. Also in 

20 this stage's second operational phase, its second set 60 of switched 
capacitors is arranged to receive the input calibration signal 73. In the 
subsequent first operational phase, the second set 60 of switched 
capacitors is arranged about this stage's amplifier 52 to provide an 
input calibration signal 75 for a succeeding converter stage. This input 

25 calibration signal is generated with the aid of a decision signal 
D ca }V re f that is supplied by this stage's DAC 56 which responds to the 
decisions of the ADC 48 concerning the input calibration signal (the 
response is indicated by a broken-line arrow through the DAC 56). 

This process continues in all converters of the downstream 

30 converter stages so that they provide a set of calibration digital codes. 
Essentially, the downstream converter stages digitize the input 
calibration signal 73 that is generated by the selected converter stage, 
i.e., the present converter stage 44 and this digitization produces the 
calibration digital codes of the downstream converter stages. 

35 Just as the successive converter stages 24 of FIG. 1 successively 
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digitize the input data signal provided by the sampler 22 and thereby 
form a collected data digital code, the downstream converter stages 77 
of FIG. 3 interleavably digitize the input calibration signal 73 provided 
by the selected converter stage 44 to thereby form a collected calibration 
5 digital code. This calibration digital code can be compared to expected 
digital codes in the controller/corrector 26 of FIG. 1. 

The calibration of the selected converter stage- is facilitated by the 
fact that the downstream converter stages have no substantial error. 
This is the case because they, for example, have been previously 

10 calibrated or because, for a second example, their error can be ignored 
since they are digitizing the least significant bits. 

Now the preceding converter stage 42 of FIG. 3 becomes the 
selected stage and the interleaved processes shown above are repeated. 
This continues until the processing of the present converter stage 44 

1 5 and all preceding converter stages have been calibrated (wherein that 
processing is conducted with each stage's second set 60 of capacitors). 
The second sets 60 of capacitors can now be exchanged with the first 
sets 50 of capacitors so that the selected converter stage and all 
preceding converter stages are operating in a calibrated mode. 

20 At a subsequent time, the MDACs of the converter stages may 

become suspect because of various effects (e.g., temperature change or 
aging). The interleaved processes shown above can then be repeated to 
calibrate the present converter stage 44 and all preceding converter 
stages when they are processing calibration signals with their first 

25 sets 50 of capacitors. Once that calibration is complete, the first sets 50 
are then exchanged with the second sets 60. 

In an alternate calibration method, the current converter stage 44 
is next calibrated with its first set 50 of capacitors so that it has been 
calibrated with both sets 50 and 60. The sets are then exchanged so that 

30 the calibrated third and fourth capacitors C3 and C4 are now digitizing 
input data signals and the first and second capacitors C\ and C2 are 
generating an input calibration signal for the succeeding converter 
stage. Now the calibration process proceeds to the preceding converter 
stage. 

35 In either case, all calibrated stages are now digitizing input data 
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signals with their second sets of capacitors. At a subsequent tune the 
second sets may become suspect because of various effects (e.g., 
temperature change or aging). The interleaved processes shown above 
can then be repeated to calibrate the stages with then- first sets 50 of 
5 capacitors which are then exchanged with their second sets 60. 

Attention is now directed to different embodiments of the input 
calibration signal 67 and the decision signal S dec in the present 
converter stage 44. An understanding of these embodiments ,s 
facilitated by the diagram » of FIG. 4 which illustrates a transfer 
10 function 83oftheMDAC of an exemplary Iff-bit converter stage The 
horizontal axis 81 indicates input signals are accepted between -V re f 
: and +V re f and the vertical axis 82 indicates that MDAC output signals 
also range between -V re f and +V re f. 

In this 1.6-bit stage, the first and second capacitors have equal 
15 capacitance so that the electrical charge in the second capacitor , 
doubles when the charge of the. first capacitor is transferred to the 
second capacitor. Accordingly the slope of the transfer function 83 

FIG. 3 is two. ; \ \ i 

The associated ADC (e.g., the ADC 48 in FIG. 3) outputs digital . 
20 codes 00, 01 and 10 when the input data signal is respectively between 
-V ref and -0.25 V re f, between -0* V ref and +0.25 V ref , and between 
+0 S V ref and + V re f. Decision thresholds between these regions ^are 
thus at -0.25 V ref and + 0.25 V ref . The associated DAC feg., DAC «m 
FIG 3) provides decision signals of + V re f, 0 and -V re f for these 
.' ,.' r> in PTr 1 tranbe+1 0 or -1). These decision signals 
25 regions (i.e., Ddata ln FK »- 6 can Be +1 ' uo1 ' . 

shift the transfer function 83 upwards for input data signals from - 
Vrrf to -0.25 V re f and shift it downward for input data signals from 
+ 0 25 V ref to + V ref . It is apparent that gain errors will introduce slope 
errors mto the transfer function 83 and DAC errors will mtroduce 
30 offset errors into the transfer function. 

In one calibration embodiment, the input calibration signa 67 of 
FIG. 3 is narrowly spaced from a decision threshold. For example, the 
input calibration signal can be spaced above the threshold of -0.25 V re f 
as indicated by input arrow 84 in FIG. 4. The decision signal S de c »f 
35 the present converter stage 44 of FIG. 3 is then alternated between 
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different values. For example, it is alternated between +1 and zero 
which causes the input calibration signal 73 of FIG. 3 to transition 
across a step 85 in FIG. 4 if there are no MDAC errors. A different 
jump will occur if there are MDAC errors. A broken-line extension 86 
5 of the transfer function 83 has been added in FIG. 4 to aid in defining 
the step 85. 

In the controller/corrector 26 of FIG. 1, the calibration digital 
codes of the downstream converter stages (77 in FIG. 3) are subtracted 
and compared to the calibration digital codes that describe the expected 

10 step 85. The difference provides a calibration coefficient associated with 
the second set 60 of capacitors. 

Preferably, the input calibration signal 67 of FIG, 3 is narrowly 
spaced from a decision threshold as indicated by input arrow 84 in 
FIG. 4 so that the step 85 in FIG. 4 is approximately midscale. 

15 Different input calibration signals can be used. That is, the input 
arrow 84 can be further spaced from the decision threshold. If the 
spacing is too large, however, the step 85 will abut -V re f or +V re f 
which may complicate signal processing. 

In another calibration embodiment, opposite-polarity input 

20 calibration signals (67 in FIGJ 3) are simultaneously applied to 
different capacitors of the second set 60, i.e., to the third and fourth 
capacitors C3 and C4. At the same time a null decision signal is 
applied, i.e., Sd ec in FIG. 3 is set to zero. For example, -V re f is applied ; 
to the third capacitor and +V re f is applied to the fourth capacitor. If the 

25 capacitors are matched, the signal across the fourth capacitor will be 
nulled so that the input data signal 53 in FIG. 3 will be zero. If the 
capacitors are not matched, the signal across the fourth capacitor will 
differ from zero and the input data signal 53 in FIG. 3 will reflect this 
difference. 

30 The calibration digital codes of the downstream converter stages 

indicate this difference and can be used in the controller/corrector 26 of 
FIG. 1 as a calibration coefficient associated with the second set 60 of 
third and fourth capacitors C3 and C4. Although described with 
reference to capacitor matching, this method will provide a calibration 

35 coefficient for any source of MDAC error. Although other 



- 12 - 



opposite-polarity input calibration signals can be simultaneously 
applied to the third and fourth capacitors, the voltages -V re f and 
+V re f are preferably used because highly accurate samples of these 
are generally available in MDAC structures. 
5 In yet another calibration embodiment, a null decision signal 

(S(j ec ) is applied to the present converter stage 44 and opposite-polarity 
input calibration signals (67 in FIG: 3) are successively applied to both 
capacitors of the second set 60. For example, -0.5V re f can be initially 
applied to the third and fourth capacitors C3 and C4 and in a 

10 successive phase, +0.5V re f is applied as indicated by input arrows 87 
and 88 in FIG. 4. If there are no MDAC errors, the input calibration 
signal 73 of FIG. 3 (for the succeeding converter stage) will be -V re f 
and +V re f respectively. If not, the input calibration signal will differ in 
the two phases. Subtracting the calibration digital codes of the 

1 5 downstream converter stages that are obtained in the two phases will 
provide a calibration coefficient in controller/corrector 26 of FIG. 1 that 
substantially eliminates the MDAC error. Various other voltages can 
be successively applied to both capacitors with the resulting difference 
compared to an expected difference. 

20 Many other combinations of input calibration signals and 

decision signals can be devised that use the teachings of the invention 
to obtain calibration coefficients that effectively correct MDAC errors. 

FIG. 5 illustrates an exemplary MDAC structure 90 for use in the 
converter stages of FIG. 3. The structure repeats the first and second 

25 sets 50 and 60 of capacitors and the amplifier 52 that are shown in FIG. 
3 and also provides a switch network 92 which realizes the first and 
second operational phases of FIG. 3. This switch network is described 
below with reference to its functions in the succeeding converter stage 
of FIG. 3 (and in all of the other downstream converter stages). The 

30 switches are all shown in an open state in FIG. 5 and the following 
description is directed to their function when they are altered to a 
closed state. 

The switch network 92 includes a group 93 of four switches that 
are arranged to couple the first capacitor C_i between the input data 
35 signal and ground in a first operational phase §1 and between the data 
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decision signal Ddata^ref an ^ the inverting input of the amplifier 52 in 
a second operational phase <|>2. The switch network 92 also includes a 
group 94 of four switches that are arranged to couple the second 
capacitor C2 between the input data signal and ground in a first 
5 operational phase (j)l and across the amplifier 52 in a second 
operational phase (|)2. 

The switch network 92 further includes a group 95 of four 
switches that are arranged to couple the third capacitor C3 between the 
calibration decision signal D ca iV re f and the inverting input of the 

10 amplifier 52 in the first operational phase <|)1 and between the input 
calibration signal and ground in the second operational phase (|)2. 
Finally, the switch network includes a group 96 of four switches that 
are arranged to couple the fourth capacitor C4 across the amplifier 52 
in the first operational phase §1 and between the input calibration 

15 signal and ground in the second operational phase <|)2. As indicated by 
substitution arrow 97, the switches are preferably realized with 
transistors such as the bipolar junction transistor 97 or the 
metal-oxide-semiconductor (MOS) transistor 98. 

FIG. 6 illustrates a timing diagram 100 that is suitable for use 

20 with the switch network 92 of FIG. 5. FIG. 6 shows a clock <|>A and an 
opposite clock §B. When clock <j>A is high, it couples the first set 50 of 
first and second capacitors C\ and C2 of the preceding and succeeding 
converter stages 42 and 46 in their first operational phases that are 
shown in FIG. 3. When clock <J>B is high, it couples the first set 50 in 

25 their second operational phases. 

The timing diagram 100 also shows clocks (j)l iand <|)2. It is noted 
that when the <j)l switches of FIG. 5 close in response to the high 
portions of the clock <|>1, they cause the MDAC structure 90 to realize 
the first operational phase of the present converter stage 44 of FIG. 3. It 

30 is further noted that when the (J>2 switches of FIG. 5 close in response to 
the high portions of the clock (t>2, they cause the MDAC structure 90 to 
realize the second operational phase of the present converter stage 44 of 
FIG. 3. Essentially, changing from clock <|>1 to clock <|>2 exchanges the 
first and second sets of capacitors. The clock signals <|>A, <J)B, <|)1 and (|)2 

35 are provided by a clock generator 101 which may be in or associated 
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with the controller/corrector 26 of FIG. 1. 

During the second-pair calibratien peried of FIG. 6, a lugh control 
signal commands the clocks 61 and *2 to be respectively in phase with 
the clocks *B and *A. The first and second sets of capacators are thus 
5 arranged as shown in the first and second operatmnal phases of he 
present converter stage 44 of FIG. 3, The second set 60 can be cahbrat d 
in this arrangement. During the subsequent first-pa* cahbrafon 
. period of FIG. 6, a low control signal shifts the clocks^ and 

that they are respectively in phase, with the clocks *A and ^Th s 
10 exchanges the first and second sets 60 and 60 of capaotors m the first 
' 0 and seLd operational phases of the present converter s age 44 o ■ 
FIG. 3. In this arrangement, the'stage can he calibrated with ri. first 

^ 5 M^II'ction 102 between the second-pair calibration period 
15 and the first-pair calibration period in FIG. 6, the *2 d "ck repeats a 
" high portion and the *1 clock repeats a low portion. Accordantly he 
seLd pair 60 of switches receives the input calibrate s.gnal 67 as 
shown in the first operational phase of FIG. 3) at the end of the 
second-pair calibration period of FIG. 6 and then receives the mput 
20 data signal 47 to begin the first-pair calibration period. The repeat ,n 
the »i clock complements this repeat to place it in phase w,th the Y A 

Cl ° Ck A routing switch 105 is preferably added in FIG. 5 to facilitate 
switching in the present convey % « * 

second-pair calibratmn period of FIG. 6, the second s 
. fourth capacitors C 3 and C 4 are switched to recevve an nput 
calibration signal 67 in a second operational phase and the first set 50 
of first and second capacitors Cl and C 2 are switched to ™ an 
input data signal 47 in a succeeding first operahonal phase. The 
routing switch 105 is shown to have a solid-line pos^on m 
provide the input calibration signal 67 and in a broken-hne posvtron « 
which it can provide the input data signal 47. The routmg swtch ,s not 
needed in the downstream converter stages 77 of FIG 3. 

To evaluate the methods and structures of the mventron, a 14-bu, 
200 megasample per second pipelined ADC with 1.5-bit converter 
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stages was simulated with an assumed 0.5% capacitor mismatch in 
the converter stages. Prior to calibration, the ADC provided a signal to 
noise and distortion ratio (SINAD) of 62dB and a spurious-free 
dynamic range (SFDR) of 67dB. After calibration of the initial eight 
5 converter stages in accordance with the present invention, the ADC 
provided a substantially-enhanced SINAD of 82dB and a 
substantially-enhanced SFDR of 108dB. 

As mentioned previously, the calibration methods and structures 
of the invention provide for the interleaved calibration and subsequent 

1 0 correction of MDAC errors in switched-capacitor converter stages that 
would otherwise introduce nonlinear performance into pipelined ADC 
systems. Although capacitor mismatch and finite amplifier gain are 
generally the principal sources of MDAC gain errors, the benefits of 
the invention apply to all MDAC errors (e.g., gain errors and DAC 

15 errors). In passing, it is noted that the transfer function (83 in FIG. 3) 
of the converter stages provides redundancy which the 
controller/corrector 26 of FIG. 1 uses to correct errors made by the 
ADCs of pipelined converter stages (e.g., the ADCs 48 of FIG. 3. 

The interleaved calibration can be run continuously or at selected 

20 times without disturbing the ongoing . processing of input data signals. 
It thus counters various effects (e.g., element aging and temperature 
changes) that otherwise degrade converter accuracy. The calibration 
generally begins with an initially-selected converter stage associated 
with a less significant bit and then successively progresses to more- 

25 significant-bit converter stages. The downstream converter stages (as 
shown in FIG. 3) have either been previously calibrated or are 
considered accurate since they are associated with the least significant 
bits. 

These calibration methods are preferably repeated several times 
30 (e.g., numerous calibration coefficients can be gathered and then 
averaged) to minimize degrading effects of various sources (e.g., 
circuit noise). Operational exchanges between sets of capacitors is 
preferably conducted randomly to avoid introduction of spurious 
signals due to repetitive exchanges. Because data and calibration are 
35 interleavably conducted with the same converter stages, the invention 
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does not require added stages for calibration. 

For simplicity of illustration, the calibration methods and 
structures have been described with reference to single-ended stage 
structures but their application to differential stage structures is also 
5 intended and is obvious to those skilled in the converter art. Although 
the calibration methods and structures have been described with 
reference to 1.5 bit converter stages, they are equivalently applicable to 
any switched-capacitor converter stage. 

For example, they also apply to a 1.5-bit converter stage in which 

10 the capacitor of FIG. 3 is always coupled across the amplifier 52. More 
generally, they apply to n-bit converter stages in which n exceeds 1.5 
and which therefore generally replace the first capacitor Ci of FIG. 3 
with a plurality of capacitors. There are many other 
switched-capacitor configurations which can all be modified in 

15 accordance with the invention. 

Although the calibration methods and structures of the invention 
have been described with reference to first and second sets of 
capacitors, they are equivalently applicable to additional sets. For 
example, a third set of capacitors can be added so that at any given 

20 time, one pair is processing input data signals, one pair is 
interleavably processing input calibration signals and one pair is idle. 
Although this embodiment adds additional structure; it may simplify 
the switch clocking. 

The calibration methods and structures produce calibration 

25 coefficients which are preferably introduced in the digital domain 
without affecting the normal flow or speed of input data signals 
through the converter stages. This introduction is performed by the 
controller/corrector 26 of FIG. 1 which may be realized with discrete 
elements, with arrays of logic gates and/or with an 

30 appropriately-programmed digital processor. The term processor is 
intended to embrace these and other realizations. 

For clarity of description, the operation of all converter stages of 
the ADC 20 have been considered to be identical. As is obvious, 
however, the final converter stage need not generate an input data 

35 signal nor a calibration data signal for a succeeding converter stage 
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since there is none. 

The embodiments of the invention described herein are exemplary 
and numerous modifications, variations and rearrangements can be 
readily envisioned to achieve substantially equivalent results, all of 
which are intended to be embraced within the spirit and scope of the 
invention as defined in the appended claims. 



